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Aromatic side chains o11 amino acids influence tile fragmentations of cationic complexes of 
doubly charged metal ions and singly deprotonated peptides. The metal ion interacts with an 
aromatic side chain and binds to adjacent amide nitrogens. When fragmentation occurs, this 
bonding leads to the formation of abundant metal-containing a-type ions by reactions that 
occur at the sites of amino acids that contain the aromatic side chain. Furthermore, formation 
of metal-containing immonium ions of the amino acids that contain the aromatic side chain 
also are formed. The abundant a-type ions may be useful in interpretation strategies in which 
it is necessary to locate in a peptide the position of an amino acid that bears an aromatic side 
chain. (1 Am Soc Mass Spectrom 1995, 6, 1079-1085) 
T 
he 20 common amino acids have distinctive side 
chains, which vary in size, shape, charge, hydro- 
gen-bonding capacity, and chemical reactivity. It 
is this diversity that enables proteins to form intricate 
three-dimensional structures and carry out biological 
processes. Amino acids with functionalized side chains 
are especially important because these amino acids 
play important roles in tile active sites of enzymes. 
They participate in tile enzymatic action either directly 
or indirectly by maintaining the necessary conforma- 
tion of the protein. The aromatic amino acids, phenyl- 
alanine, tryptophan, histidine, and tyrosine, when 
involved in enzymatic processes, can be a part of 
hydrophobic interactions, which are often important 
for specificity [1]. 
In solution, transition metal ions (Cu 2+, Pd 2÷, and 
Ni 2. ) interact with peptides that contain aromatic side 
chains and even aliphatic side chains [2]. Tripeptides 
readily form a square planar complex in which the 
C-terminal carboxylate, two deprotonated amide nitro- 
gens, and the N-terminal amine group are bound to 
the metal ion. Bulky side chains (e.g., those of phenyl- 
alanine, tyrosine, tryptophan, leucine, and isoleucine, 
etc.) are situated over the chelation ring so they may 
interact with the metal ion [2, 3]. An example is the 
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high population of the rotamer (1) of Gly-Leu-Tyr,  
which has the tyrosine side chain over the chelation 
ring, although conformationally this rotamer is not the 
most stable. Dipeptides [4-6] form a similar complex 
except one of the metal binding sites is occupied by a 
solvent molecule. 
OH 
Structure 1 
In crystal structures, metal ion-side chain contacts 
are found in dimeric or bis(peptide) complexes [7-10]. 
For the dimeric copper (II) chelate of Gly-Leu-Tyr  
and bis(tyrosinato) copper (II), the aromatic ring was 
found to be within bonding distance of the metal in 
the crystal [7-10]. On the basis of these observations, it 
was suggested that an interaction of this nature ex- 
plains the activity of certain copper-containing oxi- 
dases [3, 10]. A metal ion-side chain interaction, how- 
ever, was not found in the crystal of copper (II) chelate 
of Leu-Tyr [11, 12]. 
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Metal cation-~r-electron i teractions recently have 
been the focus of both theoretical and experimental 
investigations [13-15]. These studies shed new light on 
the mechanisms of enzyme-ligand binding interac- 
tions. For example, a recent model to explain the 
binding sites for choline and its derivatives has as its 
basis the interaction between the trimethylammonium 
end of acetylcholine (Ach) and the aromatic amino 
acids (Phe, Tyr, and Trp). These interactions may play 
a critical role in the binding of Ach to its receptor, 
whereas interactions with anionic residues in the bind- 
ing site may play a secondary role [14]. This model has 
received considerable support from studies of the crys- 
tal structure of the Ach esterase [16]. In addition, 
interactions between potassium ions and aromatic rings 
were proposed to be invoh, ed in the establishment of
metal ion selectivity [15]. Experiments with model 
systems show this type of interaction to be strong 
[13-15]. Even e-methylene hydrogens of a lysine [17] 
can interact with ;r-electrons of aromatic ring. As a 
model for aromatic ring-hydrophil ic interactions, it 
was recently demonstrated that benzene forms hydro- 
gen bonds with water [18]. 
Metal ion-Tr-electron interactions also were re- 
ported for species in the gas phase [19, 20]. Transition 
metal-Tr-electron complexes also were examined by 
using electron ionization mass spectrometry [21]. 
In previous tudies [22-24], we reported facile losses 
of certain peptide side chains from anionic complexes 
of alkaline-earth and transition metal ions in the gas 
phase. This chemistry results from metal ion-side chain 
interactions. The loss of a side chain does not usually 
occur readily when protonated or alkali metal 
ion-peptide adducts that are positively charged are 
subjected to co[lisional activation. In this article, how- 
ever, we show that the side chains of aromatic amino 
acids interact with the doubly charged metal ion in 
metal-cationized peptide complexes that bear a posi- 
tive charge. The chemistry was characterized by inves- 
tigation of various peptides interacting with Ca 2 +, Sr 2~ ,
Ba 2+, Mn 2+, Fe 2+, Co 2+, and Ni 2+, 
It is an honor to dedicate this paper to Professor 
Fred W. McLafferty, who was the first to show the 
senior author the joys of the use of mass spectrometry 
to investigate the structures and properties of gas-phase 
ions. We believe that mass spectrometry has much to 
contribute to the understanding of intrinsic properties 
of biological molecules in the gas phase such as those 
of peptide and metal ion complexes. 
Results and Discussion 
The collision-activated ecompositions of alkaline- 
earth metal-cationized peptides demonstrate that the 
positively charged complexes have a composite struc- 
ture in which the contributing structures have a metal 
ion bound at different amide groups [25]. An amino 
acid that bears a basic side chain directs the fragmenta- 
tion so that cleavages in its immediate proximity be- 
come favorable. No influence of an aromatic amino 
acid on the fragmentation was seen even though all 
the peptides investigated contain phenylalanine or ty- 
rosine. However, we report here that amino acids that 
have aromatic side chains infuence the decomposi- 
tions of doubly charged metal ion-cationized peptides. 
The influences are particularly strong for the com- 
plexes of transition metal ions (Co 2~, Ni 2' , Fe 2', and 
Mn 2+ ) that are reported here. For complexes of alka- 
line-earth metal ions (Ca 2 ', Sr 2 +, and Ba 2 * ), the influ- 
ence of an aromatic residue is significant for tri- and 
tetrapeptides, but not for larger peptides. 
Collision-Activated Decompositions qfMetal 
lon-Cationized Peptides that Contain Phenylalanine 
and Tyrosine 
The prominent decompositions of the complexes of 
phenylalanine- or tyrosine-containing peptides are the 
formation of the metal-bound a-type ions at the sites of 
phenylalanine or tyrosine and of metal-bound immo- 
nium ions of tyrosine or phenylalanine. The structures 
of the ions will be discussed later. The decompositions 
occur for peptides of different size (Figure 1) and 
sequence (Figure 2). The Co2+-immonium ion of tyro- 
sine and the [a,, - H] t are the two most abundant ions 
for the tyrosine-containing peptides (Figure 1). For the 
isomeric pentapeptides that contain four alanines and 
one phenylalanine, the [a , , -  H] ~ ions along with 
metal-containing immonium ions of phenylalanine are 
the most abundant. Metal-containing dipeptide immo- 
nium ions (e.g., Co 2 *-Phe-Ala) also form. If the pep- 
tide contains ~,o phenylalanines or two tyrosines or 
one of each (Figure 3), abundant [a,, - H] ~ ions, in 
addition to metal-bound immonium ions, form via 
reactions at each site of an amino acid that bears the 
aromatic substituent. 
For peptides that contain a C-terminal phenylala- 
nine or tyrosine residue, the production of [a, - H] + 
or [a,, + H] ~, where n is the number of amino acids in 
the peptides, is usually facile. In some cases, however, 
the abundances of [a,,_ i - H] ~ ions are enhanced (e.g., 
the [a 4 - H] ~ ion for the peptide in Figure 2e). We do 
not understand why this exception occurs. 
Metal ion dependence. The AAYAA complexes of dif- 
ferent metal ions (Ca 2+, Sr 2 ~, Ba 2+, Mn 2 ~, Fe 2 ~, Co 2 ~, 
and Ni 2+) were studied to establish the effect of the 
complexing metal ion. The immonium and [a,, - H] 
ions are the dominant products formed in the fragmen- 
tations of Ni 2+ and Co 2+ (Figure lc) complexes, 
whereas these ions are only two of many abundant 
ions formed from Fe z+ and Mn 2~ complexes. The 
I To keep nomenc lature  R~r f ragment  ions simple, the precursor  ion is 
treated as if it were a protonated peptide.  If a reaction produces  an 
a, +, ion for a protonated peptide,  it p roduces  an[a , , -  H] ' ,  where a,, 
is [a , , -  H + Met] ' ,  for the metal -cat ionized peptide. The [a , , -  Ill * 
is formed by one proton transfer to tile depar t ing  neutral,  which 
mot ivates the use of the " -H"  designat ion.  The subscr ipt  , is 
def ined as usual.  
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Figure 1. The CAD spectra of Co2~-catiorlized (a) VYV, (b) 
AAYA, (c) AAYAA, and (d) AAAYAA. 
immonium ion at the ty ros ine  site is not  p roduced,  and  
the [a,, - H] + ion is not  a dominant  product  for com-  
p lexes  of a lka l ine  ear th  meta l  ions. 
A l though amino  ac ids  that  bear  a romat ic  s ide cha ins  
have  l itt le effect on  the f ragmentat ion  of a lka l ine -ear th  
meta l  complexes  of penta -  or  hexapept ides ,  they  do  
a :Loo.~I~.A.X.X.A+Co_H]. ICo-Pbe 
~°!, i_ ,~. ,I....,~LI ,,~ L. I ,I J_) ~ lJ I ,  _ ~L 
s0" ' i66  " i / ,6 ' '~ ,66"~hi ' '366 ' ' : ,~0"" i6o ' ' ' (~ lo ' ' ' - ' / z  
" t  co-P~, I "°'" 
' q  / I Y' I 
aoJ i / / .,.~ c, / c, 
"~ , ,,. J L , , ,~x i l , . J k  ~ . ,  1. i .tl 1 , .  
's'o'" "'/.46 " iai6"'266"" ~.~6"'3h6" "~6 " 466" " 4~6'!~1d 
C zOO~|AAFAA+Co.H I. la~_ H ~- 
.ot co-Pu. ) ~, 
'°t ( I ~,,( . . - -  
':I . . .  ~..~J., ~ J~a,.. l,. l J i . l t J _  ~L 
'#o ' "  ' i46  '" 1~6 ' ' ~,6o ~ " itS6 " ~ ~66 "'  : ,~6 ' ~66 " " ~a~- 'd ;z  
I I1'+'" i'l i'  
"s '0 ' ' ' i 66" ' i~6" ' i66 '  i~6"" g60"~6"  166' ' i~6"' '~4/z 
° 'D '**~" + ~°-"",il'°,o,l, ,,. ,  ~ k L £~ L ~+" ' l  ", *,- " HIll I'/l')}~" })'' X,jl_ !+! 
Figure 2. The CAD spectra of Co2+-cationized (a) FAAAA, (b) 
AFAAA, (c) AAFAA, (d) AAAFA, and (e) AAAAF. 
i n f luence  s ign i f i cant ly  the co l l i s ion -act ivated  decompo-  
s i t ions  of smal le r  pept ide  complexes .  As shown in 
F igure  4, the [a 2 - H] ÷ ion is p roduced as the most  
abundant  spec ies  upon co l l i s ional  ac t ivat ion  of the 
VYV complex ,  and  the [a 3 - H] + ion is a lso abundant  
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Figure 3. The CAD spectra of 
Co2+-cationized (a) YGGFL and (b) 
FGFG. 
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Figure 4. The CAD spectra of Cae'-cationized (a) \Iyv, (b) 
AAYA, and (c) AAA. 
for the AAYA complex. As a reference point, the frag- 
mentation of the complex with AAA does not give an 
[a 2 - H]+ ion of enhanced abundance. The Ca 2+ com- 
plexes of other tri- or tetrapeptides (e.g., GFA and 
AFAA) decompose in a similar fashion upon colli- 
sional activation. 
Differences also are observed for the desorption of 
metal-cationized peptides with or without a con- 
stituent amino acid that bears an aromatic side chain. 
Peptides that contain only amino acids with aliphatic 
side chains are more difficult to be desorbed as a metal 
ion complex than those that contain one or more aro- 
matic amino acids. In fact, peptides that bear aliphatic 
side chains and that are larger than tetrapeptides (e.g., 
pentaalanine and hexaalanine) do not undergo desorp- 
tion to give any detectable [pept + Met 2+ - H + )+. On 
the other hand, pentapeptides and even hexapeptides 
that are comprised principally of alanines, but contain 
one tyrosine or phenylalanine, can be desorbed readily. 
The surface activity of metal-complexed phenylalanine 
or tyrosine-containing peptides may be a factor if it is 
large compared to that of a peptide that contains only 
amino acids that bear aliphatic side chains, but this is 
not yet established. 
Aromatic ring participation in metal binding. The strong 
effect of amino acids that have aromatic side chains on 
the fragmentation of peptide complexes in which the 
metal ion is doubly charged should be a function of 
the structure of the complexes. If, as reported previ- 
ously [25], amide binding is most important (see 2), 
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Structures  2 5 
then [a , , -  H] + ion formation should not depend on 
the position of the amino acid that bears the aromatic 
side chain. Because position is important, the aromatic 
side chain also must play a role in tile metal binding. 
Possible structures are 3, 4, and 5, which have the 
metal ion bound at the aromatic ring and at an adja- 
cent amide nitrogen and which are probably more 
stable than 2. Their populations, therefore, are en- 
hanced with respect to other structures that comprise 
the structure composite. 
For peptides that contain two amino acids with 
aromatic side chains, the metal ion primarily binds at 
these rings and with adjacent amide nitrogens. These 
structures then produce appropriate [a , , -  H] + ions 
and also two immonium ions that exhibit bonding 
between the metal ion and the phenylalanine site or 
tile tyrosine site (see Figure 3). 
The hydroxyl group of tyrosine is unlikely to be 
involved in metal coordination if the metal binds to 
the deprotonated amide nitrogens in structures 4 and 
5. Given that both the hydroxyl oxygen and the methy- 
lene group on the para position of the benzene ring 
must be coplanar, tile bonding distance between the 
metal and the oxygen would be greater than 5 ,~, 
which is an impractical bond length (see Structure 6). 
Therefore, tyrosine is proposed to coordinate to the 
metal ion primarily via its aromatic ring. The involve- 
ment of the hydroxyl group in the metal chelation, 
however, cannot be excluded for structure :3. 
The formation of [a,, - H] + ions from alkaline-earth 
metal complexes was reported in a previous article 
[25] to require that alkaline-earth metal ions be bonded 
o o 
~CH "~ I~__CH~NH / 
R 
NO 
Structure  6 
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m close proximity to the reaction site. The metal ion 
polarizes bonds and thus lowers activation energies for 
the reactions. There are two possible mechanisms 
(Schemes I and II) for the production of [a, - H] + 
ions, dependent on the source of the transferred hydro- 
gen [25]. One mechanism involves the rearrangement 
of a beta hydrogen (Scheme I), whereas the other 
includes transfer of an amide hydrogen (Scheme II). 
Replacement of all active hydrogens by deuterium 
enables us to see that complexes of alkaline-earth metal 
ions form [a,, - H]* ions at sites of amino acids that 
contain aromatic residues by transfer of a nonamide 
hydrogen to the incipient neutral, whereas complexes 
of transition metal ions react by transfer of an amide 
hydrogen. This difference reflects the fundamental 
properties of the two classes of metal ions Alkaline- 
earth metal ions may interact only weakly with aro- 
matic rings, and the metal ion primarily binds to 
amide groups as is depicted in structure 2. The [a,, - H] 
cations are produced via the mechanism in Scheme I. 
The mechanism in Scheme II does not occur in this 
case, probably because the product is not as stable as 
that formed by the mechanism in Scheme I. The en- 
hanced abundance of the [a, - H] * ions that are pro- 
duced at sites of aromatic residues in alkaline- 
earth-metal- ion complexes of small peptides (Figure 4) 
may be due to a probability argument; that is, there 
are few interactions of the type shown in Scheme 1 for 
a small peptide, and those with the aromatic ring are 
now relatively more important. 
For complexes of transition metal ions, the metal 
ion interacts with the aromatic rings, and structures 3, 
4, and 5 are likely to be major contributors to the 
composite structure. Of these, structures 3 and 4 are 
possible precursors for the [a,, - H] cations. However, 
they do not support [a, - H] '  ion formation by the 
mechanism shown in Scheme I because the H transfer 
shown in that scheme is not in accord with the deu- 
terium labeling results. The mechanism in Scheme I1 is 
ruled out because there is no special contribution by 
the aromatic ring located on the side chain. 
An alternative mechanism (Scheme IID involves 
structure 3 as a precursor, and the transferred hydro- 
gen is an amide hydrogen in accord with the labeling 
results. Furthermore; the amide nitrogen that is bonded 
to the proton to be transferred also can interact with 
the metal ion, which enhances the acidity of that amide 
group. By this mechanism, the introduction of a dou- 
M ~- M ~" ~ 0  Rn ~ 0  
. .o., ,  
(Io Ct) + an  - H 
Scheme II 
CO + H.zN-(to Ct) 
ble bond in the product adds minimal strain to the 
large ring that incorporates the metal bonding. Addi- 
tional evidence is that both amide and nonamide hy- 
drogens are transferred in the formation of the [a, - H] 
cations at sites that have non-aromatic residues no 
matter what type of metal ion is involved. This occurs 
because both alkaline-earth and transition metal ions 
bind only to the amide group as in structure 1. The 
[a, - H] ~ ions are now produced by both mechanisms 
depicted in Schemes I and II. 
The precursor for the immonium ions may be struc- 
ture 4. Not only are closed-shell immonium ions pro- 
duced, but also a radical cation, as is seen by triplet 
peaks, which indicate that both simple bond cleavage 
and cleavages accompanied by hydrogen transfers oc- 
cur. The resulting products are likely to have three 
structures, 7, and 9. An ion of structure 8 (and some- 
times 9) is the most abundant. An ion of structure 7 
has not been observed to have high abundance, proba- 
bly because both metal bonding and conjugation with 
the exocyclic double bond cannot occur. 
The contribution of ions that have structure 5 to the 
population of fragmenting ions is usually not as im- 
portant as those of ions of structures 3 and 4. For some 
peptides, however, the c,, ion abundances are en- 
hanced. 
Peptides That Contain Histidine 
Histidine has a basic, nitrogen-containing side chain 
that also may act as a primary binding site for metal 
ions. This side chain can bind to metal ions via nitro- 
gen atoms. The effects of this side chain on the struc- 
ture of gas-phase metal-cationized peptides are more 
complicated than those of phenylalanine and tyrosine. 
For example, the collision-activated decompositions of
Ca2*-VYIHP complex lead to formation of abundant 
[a 4 - H] and [a2 - H] cations (Figure 5b), whereas the 
Co 2. complex decomposes to give the expected Co 2-- 
bound immonium ions of both tyrosine and histidine, 
O R O O R O 
II \ // II \ # 
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St ructures  7 -9  
as well as the [a 2 - H] and [a 4 - H] cations (Figure 
5a). Although the production of the [a 4 - H] cation at 
the site of the histidine residue is favored, its forma- 
tion involves more than metal- imidazole ring bond- 
ing. The metal ion also may interact with the imidazole 
ring via the nonbonding electrons of a ring nitrogen. 
This is in accord with the production of the immonium 
ions Co- IH (Figure 5a) and Ca- IHP (Figure 5b). 
Conclusion 
For monopositive metal ion-peptide complexes that 
involve doubly charged metal ions, the metal ion bonds 
in part to the aromatic side chain of constituent amino 
acids and in part to anionic (deprotonated) amide 
groups that adjoin the site of the aromatic amino acid. 
Bonding of this nature promotes formation of abun- 
dant metal-containing immonium ions and [a , , -  H] 
cations at the site of the amino acid that carries the 
aromatic side chain. Transition metal ions, particularly 
Co 2+ and Ni 2+, have high intrinsic ability to coor- 
dinate to aromatic rings on the side chains and to 
promote formation of immonium and appropriate 
[a,, - H] ions. 
Experimental 
Materials 
The tyrosine-containing peptides (AAYA, AAAYA, 
AAYAA, and AAAYAA) were purchased from Bachem 
Bioscience Inc., a subsidiary of Bachem Switzerland 
(Philadelphia, PA) Other peptides used in this work 
(AAA, AAAA, ALA, GGF, GGV, GFA, GFGF, GLA, 
FGG, FGFG, IWVN, VAAF, and VYIHP) were pur- 
chased from Sigma Chemical Co. (St. Louis, MO). The 
metal hydroxides and acetates were from Fisher Scien- 
tific Co. (Fair Lawn, NJ). Glycerol and thioglycerol 
were purchased from Aldrich Chemical Co. (Milwau- 
kee, WI). 
The phenyla lanine-conta in ing pentapept ides  
(FAAAA, AFAAA, AAFAA, AAAFA, AAAAF, and 
AFAA) were synthesized at the Protein Core Facility at 
the University of Nebraska. The starting materials 
(Fmoc-A, A-OtBu, Fmoc-AA, AA-OtBu, Fmoc-F, and 
F-OtBu) were purchased from Bachem. 
Instrumentation 
The mass spectrometer used for this work was a VG 
four-sector ZAB-T tandem instrument (VG Analytical, 
Manchester, UK). It consisted of two high-mass, 
double-focusing mass spectrometers [26]. The design 
of the second-stage instrument was a reverse-geometry 
Mattauch-Herzog-type mass spectrometer. The instru- 
ment was equipped with a Cs + gun that provided a 
17-keV Cs + beam (the overall energy for desorption 
was 9 keV). When mass spectra were acquired, only 
the first-stage mass spectrometer and its intermediate 
detector were used. When tandem mass spectrometry 
experiments were conducted, ions were selected by 
using the first stage of the instrument at a resolving 
power of approximately 1500, and B/E-linked scan 
was taken with the second-stage mass spectrometer to
acquire a mass spectrum of product ions formed by 
collisional activation in the collision cell located be- 
tween the two stages. The object slit of the second 
stage was closed so that the peak of the selected ion 
went from flat to round-topped (slit fully illuminated) 
so that the resolving power used for the product ions 
was approximately 1000 (full width at half-maximum). 
The single-point detector was used. 
F igure  5. The CAD spectra of (a) the 
[VYIHP +Co 2+- H+) + ion and (b) 
the [VYIHP + Ca-'*- H +)+ ion. 
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Procedures 
For the mass spectrometry experiments, a few micro- 
grams of the peptide were mixed on the fast-atom 
bombardment  (FAB) probe tip with glycerol-thio~ 
glycerol (1:1) that ~as  saturated with an alkaline-earth 
metal hydroxide or had approximately 0.5-F metal 
acetate in it. For experiments with deuterium-Iabeled 
peptides, the peptide and the matr ix (~ 1 /zL) were 
mixed on the tip of the FAB probe. Approximately 1
/xL of D20 was then added to the mixture, and the 
probe was inserted into the prevacuum system of the 
mass spectrometer and the volatile water (H20,  HDO, 
and D20) was pumped away for a time period of 5 
min. The procedure was repeated four times. The probe 
was .then admitted to the FAB ion source and the metal 
ion-pept ide complexes were desorbed. Tlle signal for 
the [M + HI + in which all active hydrogens had been 
replaced was at least 90% relative to those for ions in 
which partial exchange had taken place. 
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